The circulatory adaptation to arm and leg exercise was studied with stepwise increased work loads in 10 patients with signs of coronary Received December 28, 1970; revision accepted for publication May 5,1971. 432 nary ventilation, heart rate, and lactate formation were significantly higher for a given oxygen uptake than during exercise with the legs,1-and the systolic, diastolic, and mean arterial pressures increased more in relation to the work performed.2 3' The difference in circulatory adaptation during the two types of exercise has been ascribed in part to sympathetic tone being higher during arm exercise.3, 5 A larger rise in heart rate and systolic arterial pressure with arm exercise than with leg exercise would be accompanied by a more marked increase in the time integral of myocardial systolic force, provided that the volume of the heart is the same in both forms of exercise. Moreover, the postulated increase in sympathetic tone is known to be associated with increased contractility of the myocardium. Both the time integral of systolic force and the contractile state of the myocardium 
Mechanical efficiency
IT IS A COMMON clinical experience that patients with angina pectoris and limited exercise tolerance may precipitate their symptoms readily with light arm work, yet be able to perform heavier exercise with the legs without symptoms. The reason for this discrepancy is still not fully understood. However, in healthy subjects, different hemodynamic and ventilatory responses have been found for exercise with small and large muscle groups. During exercise with the arms pulmo-nary ventilation, heart rate, and lactate formation were significantly higher for a given oxygen uptake than during exercise with the legs,1-and the systolic, diastolic, and mean arterial pressures increased more in relation to the work performed.2 3' The difference in circulatory adaptation during the two types of exercise has been ascribed in part to sympathetic tone being higher during arm exercise. 3, 5 A larger rise in heart rate and systolic arterial pressure with arm exercise than with leg exercise would be accompanied by a more marked increase in the time integral of myocardial systolic force, provided that the volume of the heart is the same in both forms of exercise. Moreover, the postulated increase in sympathetic tone is known to be associated with increased contractility of the myocardium. Both the time integral of systolic force and the contractile state of the myocardium are known to be directly related to coronary blood flow and myocardial oxygen uptake. 6' 7 With this background it seemed of interest to study the circulatory adaptation to arm and leg exercise in patients with symptoms of coronary heart disease. The present study was designed to determine first, whether these patients have a lower tolerance for arm work than for leg exercise, and second, whether such a decreased tolerance can be related to a difference in circulatory adaptation to exercise with small and large muscle groups similar to that observed in healthy subjects. Subjects The series comprised 10 patients 25 to 65 years of age (mean age, 52.5 years), nine men and one woman. All had a history of angina pectoris on physical exertion; seven of them reported lowered exercise tolerance on exposure to cold, and in six, angina could be provoked by emotional tension. Four patients had family histories of coronary artery disease; none had diabetes or serum cholesterol levels above 300 mg/ 100 ml. Three had a previous history of myocardial infarction; this was confirmed in all cases in the resting electrocardiogram. All patients showed abnormal electrocardiograms during exercise (more than 2-mm depression and flattening of the entire S-T segment in one or more precordial leads). These exercise tests were performed in the sitting position with a bicycle ergometer (Elema Schonander, Stockholm, Sweden), the work load being increased in steps.8 Seven patients used nitroglycerin, and three were on beta-blocking agents. The latter medication was discontinued 24 hr Circulation, Volume XLIV, September 1971 prior to the study. On the basis of the clinical history and laboratory findings (for details see  table 1 ), all patients were considered to be afflicted with coronary heart disease. Patient L. 0. (age, 25) died 5 months after the study, and the diagnosis of coronary artery disease was confirmed at autopsy.
Methods
Catheterization. Teflon catheters (internal diameter 0.5 mm; external, 0.9 mm) were inserted percutaneously into a brachial and a femoral artery. Both catheters were introduced in the proximal direction with their tips in the axillary and iliac arteries, respectively.
Exercise. The subjects exercised during two periods, separated by a rest interval of 60-90 min. During one period, leg exercise in the upright sitting position was performed on a bicycle ergometer (Elema Schonander, Stockholm, Sweden). During the other, the same ergometer was used in a tilted position for arm exercise, the subject sitting in front of the bicycle and pedalling with the arms. The work intensity was selected on the basis of a previous exercise test. The order of the two types of exercise was randomized. During exercise, the work intensity was increased in steps, with increments of 100-150 kpm/min every 6 min, until the appearance of anginal symptoms. The patients were asked to report the appearance of even minimal symptoms, whereupon the measurements were completed and the exercise was discontinued within 1 to 2 min. In the second exercise period efforts were made to obtain the final measurements at the same level of anginal symptoms.
The ergometer was calibrated and compared with the setting unchanged in the horizontal and Heart Rate. Heart rate rose more steeply in relation to work intensity during arm exercise than during leg exercise ( fig. 2 , P < 0.01). There was no significant difference between the two forms of exercise either in the regressions of heart rate on oxygen uptake or in the heart rate at which angina appeared.
Blood Pressure. Peak systolic, systolic mean, diastolic, and mean blood pressures all rose ).
more steeply in relation to work load during arm exercise than during leg exercise ( fig. 3 , P < 0.01-0.001). In relation to pulmonary oxygen uptake, however, the differences in pressure increases were not significant. At the onset of angina, both the diastolic and the mean blood pressures were significantly higher (P< 0.01) during arm exercise, but the peak systolic and systolic mean pressures did V02' mU/min 560i16001m/m I' 500 idoo 1500 Figure 2 The regressions of heart rate on external work and pulmonary oxygen uptake for arm and leg exercise. Symbols as in figure 1 . P indicates the probability that the regression coefficients for arm 200 400 600 500 1000 1500 Figure 3 The regressions of systolic mean pressure for leg exercise and arm exercise on external work performed and on pulmonary oxygen uptake. Symbols as in figures 1 and 2.
not differ significantly between the two forms of exercise at this time.
Systolic Ejection Period. During exercise the systolic ejection period decreased. The relation between systolic ejection period and heart rate did not differ significantly between the two forms of exercise. At the onset of angina, the systolic ejection period was slightly but significantly shorter for arm than for leg exercise (P < 0.01).
Oxygen Uptake. Oxygen uptake rose more steeply in relation to work intensity during uptake, and ECG are given for arm and leg exercise in patients with coronary heart disease. However, since neither form of exercise consistently elicited angina, the results are not suitable for comparisons with the present data. Instead, our findings may be considered in relation to the response to different types of exercise seen in healthy subjects without evidence of coronary heart disease. In this context alterations in several physiologic variables may be involved. The possible effects of the following will be discussed: involvement of different muscle groups, mechanical efficiency, sympathetic tone, external myocardial work, heart volume, and myocardial contractility. Exercise with small muscle groups is characterized by low mechanical efficiency as compared to large muscle units.3' 14, 15 Low mechanical efficiency has also been reported for exercise at low work loads. 16 The results for arm and leg exercise in the present group of patients are in agreement with these observations, and may be due to the fact that arm exercise involves the use of smaller muscle groups and, in addition, is associated with a significant amount of static work performed with the muscles of the back and hip. The static component is associated with a significant oxygen requirement in addition to that of the arm muscles performing the dynamic work.. Consequently with arm exercise, especially at low work loads, the total work performed becomes larger in relation to the external work.
The earlier appearance of angina during arm exercise than during leg exercise may thus be ascribed in part to the low mechanical efficiency and relatively higher demands on oxygen transport by the cardiovascular system. Other factors may have contributed too since, at the onset of angina, the oxygen uptake was significantly lower for arm than for leg work. The regressions of heart rate, systolic mean pressure, and PTM on oxygen uptake were steeper, though not significantly so, for arm than for leg exercise, in agreement with previous results for healthy subjects. 3 The absence of significant differences in this respect may be due to the limited range of oxygen uptake tolerated by the present patients. Previous observations on arm exercise in normal subjects, indicating a high sympathetic outflow, possibly related to the component of static work,3 5, 17, 18 may be pertinent to these findings. The addition of a static work component during the performance of dynamic work is reportedly associated with significant rises in heart rate.19 A higher sympathetic tone during arm work than during leg exercise may well have caused the marked elevation of mean and diastolic blood pressures for arm exercise in the present group of patients, thus increasing myocardial oxygen demands by augmenting the external work of the heart and probably also the contractile state of the myocardium.
Circulation, Volume XLIV, September 1971 A striking finding in the present study is that anginal pain occurred at nearly the same level of PTM for leg and arm exercise; the variability of PTM at the onset of angina was as little as 6% (coefficient of variation for a single determination). Similar results have been obtained for repeated periods of leg exercise.20 With both forms of exercise in this study, the major increase in PTM was caused by a rise in heart rate. The heart rate and systolic mean pressure at pain level were somewhat higher in arm as opposed to leg exercise, but with a more pronounced shortening of the systolic ejection period in arm exercise, the calculated PTM was the same for both forms of work. The shorter systolic ejection period during arm exercise may have been caused by an increased sympathetic stimulation during this form of exercise.3 Shortening of the systolic ejection period because of a prolonged preejection phase and acute failure seems a possible although less likely explanation. 21 The finding of similar PTM levels at the onset of angina for the two forms of exercise raises the question of what this variable represents in the present experimental situation. Arithmetically, it is the time integral of systolic pressure,6 expressed as the pressuretime per minute (PTM), 10 and it has been used as an index of the myocardial oxygen requirement.6 However, it is now recognized that PTM summarizes only some of the determinants of myocardial oxygen consumption and that several other factors, not measured or controlled in this study, are of importance in this context, notably heart size22 and the contractile state of the myocardium. 7 We shall attempt to delineate the possible differences in these factors between arm and leg exercise.
Changes in ventricular volume are of importance for the heart's oxygen requirement since with a greater ventricular volume, a higher systolic force will be required for the same external work of the heart, thus inducing a greater myocardial oxygen consumption.22 Heart volume is known to change on exercise.
Circulation, Volume XLIV, September 1971 At the transition from rest to leg exercise in the sitting position there is a redistribution of blood from the peripheral veins towards the heart and lungs, both total heart volume and stroke volume being increased23 (the former determined by radiographic technique). If the exercise continues or the work load is increased, the heart size decreases progressively and correlates negatively with the heart rate. 23 cating an augmentation of the contractile state of the heart during exercise. Moreover, as mentioned previously, there is indirect evidence of a more pronounced sympathetic outflow during arm as compared to leg work,3 and thus possibly a more marked shift in myocardial contractility with arm exercise. Were this the case, it would cause a relative increase in myocardial oxygen consumption with arm exercise. However, an increased sympathetic tone also raises both peripheral vascular resistance and heart rate, thus probably influencing the PTM factor and myocardial contractility in the same direction.
In conclusion, the present results may be interpreted to indicate that the more pronounced increase in heart rate, systolic mean pressure, and possibly also contractility during arm work than during leg exercise induces a greater degree of myocardial work and oxygen consumption, as indicated by the steeper rise in PTM. It is theoretically possible that part of the effect of increased contractility may have been offset by a decreased heart volume during exercise. Coronary blood flow is negatively influenced by the higher heart rate, and thus shorter diastole, with arm as opposed to leg exercise but relatively improved by the higher diastolic arterial blood pressure and possibly also by a lower intramyocardial pressure. However, the net effect in this group of patients is that oxygen demand exceeds supply and the patients experience angina pectoris at a lower level of external work when performing arm exercise. It is our belief that the present results, indicating greater myocardial work with arm than leg exercise, have contributed to an understanding of the earlier appearance of angina with this form of exercise. Recent studies of the effect of physical training on arm exercise tolerance have indicated that training performed with the legs does not improve arm exercise capacity; such an effect is achieved only by arm exercise training.28 In patients with coronary heart disease, training programs utilizing arm exercise should probably be applied with caution in view of the observed cardiovascular response to such exercise.
